Deferoxamine (DFO), an FDA-approved iron chelator used for treatment of iron poisoning, affects bacteria as iron availability is intimately connected with growth and several virulence determinants. However, little is known about the effect on oral pathogens. In this study, the effect of DFO on Porphyromonas gingivalis, a major periodontopathogen which has an essential growth requirement for hemin (Fe 3+ -protoporphyrin IX), was evaluated. The viability of P. gingivalis W83 was not affected by 0.06-0.24 mM DFO, whereas the doubling time of the bacterium was considerably prolonged by DFO. The inhibitory effect was evident at earlier stages of growth and reduced by supplemental iron. UV-visible spectra using the pigments from P. gingivalis cells grown on blood agar showed that DFO inhibited l-oxo bisheme formation by the bacterium. DFO decreased accumulation and energy-driven uptake of hemin by P. gingivalis. Antibacterial effect of H 2 O 2 and metronidazole against P. gingivalis increased in the presence of DFO. Collectively, DFO is effective for hemin deprivation in P. gingivalis suppressing the growth and increasing the susceptibility of the bacterium to other antimicrobial agents such as H 2 O 2 and metronidazole. Further experiments are necessary to show that DFO may be used as a therapeutic agent for periodontal disease.
Introduction
Iron is indispensible for the growth of most microorganisms (Shibata et al., 2003) and intimately connected with the synthesis of several virulence determinants of bacterial and other pathogens (Sritharan, 2006) . To scavenge iron from the environment, many microorganisms express high-affinity iron acquisition systems such as deferoxamine (DFO) produced by Streptomyces pilosus (Rhodes et al., 2007) . DFO, a Food and Drug Administration (FDA)-approved iron chelator, has been extensively used for chelation therapy in iron-overloaded states (Halliday & Bassett, 1980; Moreau-Marquis et al., 2009 ) and known to protect human red blood cells from hemin-induced hemolysis by formation of DFO-hemin complex via the iron moiety (Sullivan et al., 1992) . It is also known that DFO, on the one hand, decreases the susceptibility to infections by lowering the iron concentration, but, on the other hand, increases the virulence of some microorganisms due to the ability of the microorganisms to use the chelator as an iron sequestering agent for their own metabolism (van Asbeck et al., 1983b) .
Porphyromonas gingivalis, a major periodontal pathogen, acquires iron preferentially in the form of hemoprotein-derived hemin and stores hemin on the cell surface in l-oxo dimeric form (l-oxo bisheme, [Fe(III)PPIX 2 ]O) (Lewis et al., 1999) . The pathogenicity of the bacterium is markedly affected by hemin (McKee et al., 1986) ; P. gingivalis cells grown under hemin excess caused 100% mortality in mice, while mortality of the cells grown without or limited amount of hemin was less marked.
Some investigations have presented that DFO mediates enhancement of polymorphonuclear leukocytes (PMN) function (van Asbeck et al., 1984) and reduces tissue injury as well as lethality in LPS-treated mice (Vulcano et al., 2000) . Moreover, local infusion of DFO, not systemically administered, has demonstrated the effectiveness in tissue protection and anti-inflammation (Lauzon et al., 2006; Hanson et al., 2009) . These allow the possibility of using DFO in the periodontal disease field. Before clinical application of DFO for periodontal therapy, the effect of DFO on periodontopathogens must be evaluated. Here, we present that DFO can affect the growth and virulence of P. gingivalis through interference with the hemin utilization in the bacterium.
Materials and methods
Chemicals DFO (Novartis Pharma Stein AG, Stein, Switzerland) and ferric citrate (Sigma Chemical Co., St. Louis, MO) were dissolved in distilled water and filter-sterilized. Ampicillin, tetracycline and metronidazole (Sigma) were dissolved in distilled water or methanol. Stock solutions of hemin (Sigma) were prepared in 0.02 N NaOH the same day that they were used. Carbonyl cyanide m-chlorophenylhydrazone (CCCP, Sigma) was dissolved in 20% dimethyl sulfoxide and used as inhibitor of energy-driven transport activities (Avetisyan et al., 1989) .
Determination of viable cell numbers
The twofold serial dilutions of DFO (0-0.24 mM) were prepared in half-strength brain heart infusion (BHI) broth (Difco Laboratories, Detroit, MI) supplemented with 0.5% yeast extract, 5 lg mL À1 of hemin and 1 lg mL À1 of vitamin K 1 (BHI-HK). In some experiments, ferric citrate was also added to the medium. Porphyromonas gingivalis W83 (kindly supplied by Dr Koji Nakayama, Nagasaki University Graduate School of Biomedical Sciences) grown for 24 h was inoculated into the medium to give a final concentration of 10 6 -10 8 cells mL À1 and incubated at 37°C anaerobically (85% N 2 , 10% H 2 , and 5% CO 2 ). At various time-points between 10 and 40 h, viable cells were enumerated by plating on blood agar plates. Bacterial doubling times were established by dividing the time interval considered with the number of rounds of replication (n), which was calculated as follows: n = ln(CFU 2 /CFU 1 )/ln2, where CFU 1 and CFU 2 are the numbers of CFU obtained at the beginning and end of the time interval, respectively (Chong et al., 2008) .
UV-visible spectroscopy of heme pigments UV-visible spectroscopy using heme pigments from P. gingivalis cells was performed as described previously (Moon et al., 2011) . Briefly, the bacterial cells grown for 5 days on 5% sheep blood agar plates supplemented with DFO (0-0.24 mM) were gently scraped, suspended in 500 lL of NaCl/Tris buffer (0.14 M NaCl/0.1 M Tris/HCl, pH 7.5) and sonicated on ice for 2 min. After centrifugation, UV-visible spectra of the supernatant buffer extract were recorded between 340 and 700 nm.
Accumulation and active uptake of hemin
The amount of hemin associated with P. gingivalis cells was measured as described previously (Genco et al., 1994; Moon et al., 2011) . Briefly, P. gingivalis cells were treated or untreated with 100 lM of CCCP for 60 min. After washing, the bacterial cells were suspended in BHI-HK and incubated anaerobically for 2 h with or without DFO. A 1.0-mL aliquot of each culture was centrifuged and the supernatant was assayed spectrophotometrically (OD 400 nm ). Cell-associated hemin was calculated as the difference between the total amount of hemin added vs. the amount remaining in the supernatant after 2-h incubation and normalized against the protein contents of that culture. Energy-driven active uptake of hemin was calculated as difference between binding hemin of CCCPuntreated cells vs. CCCP-treated cells.
Sensitivity to H 2 O 2
Porphyromonas gingivalis cells (10 8 cells mL
À1
) were inoculated into BHI-HK with a twofold diluted series of H 2 O 2 (0-0.8 mM) in the presence or absence of DFO. After 24-h incubation at 37°C anaerobically the optical density at 600 nm was measured.
Evaluation of the synergistic effect of antibiotics and DFO
The twofold serial dilutions of ampicillin, tetracycline and metronidazole (0-1.0 lg mL À1 ) were prepared in BHI-HK with or without DFO. In some experiments, ferric citrate was also added to the medium. Porphyromonas gingivalis cells (4-6 9 10 7 cells mL
À1
) were inoculated into the media. After 40-h incubation at 37°C anaerobically OD 600 nm was measured.
Results
The effect of DFO on the growth of P. gingivalis W83
After 24-h incubation, the viable cell numbers of P. gingivalis grown with DFO were statistically significantly lower than those grown without DFO when the inoculum size was 10 6 and 10 7 cells mL À1 (Table 1) . Supplemental ferric citrate statistically significantly affected the growth inhibitory effect of DFO. On the other hand, the growth of P. gingivalis cells in the inoculum of 10 8 cells mL À1 was not affected by DFO. Viable cell numbers of the bacterium were not decreased below the initial inocula by addition of DFO. The growth inhibitory effect of DFO was evident during the first 30 h and finally disappeared after 40-h incubation ( Table 2 ). The mean doubling time calculated using initial inoculum of 4-6 9 10 7 cells mL À1 was 9.92 ± 1.27 h and 6.88 ± 0.71 h (P < 0.05) in the presence and absence of 0.24 mM DFO, respectively.
UV-visible spectra of the pigments from P. gingivalis
Porphyromonas gingivalis degrades oxyhemoglobin (oxyHb) and deoxyhemoglobin resulting in generation of both 385 and 393 nm-absorbing products that are originated from l-oxo-bisheme ([Fe(III)PPIX 2 ]O) in the UV-visible spectrum (Smalley et al., 2002) . To examine the influence of DFO on formation of l-oxo bisheme on the surface of P. gingivalis, we performed UV-visible spectroscopy. UV-visible spectrum of pigment extracted from the bacterial cells without DFO was characterized by a Soret band with a k max value of 393 nm after 5-day incubation ( Fig. 1 ). On the other hand, UV-visible spectrum of pigment extracted from the bacterial cells grown with DFO at 0.06, 0.12 and 0.24 mM revealed the presence of a Soret band with a k max values of 397, 407 and 411 nm, respectively. The 543 and 582 nm Q bands of undegraded hemoglobin appeared distinctly in the presence of DFO while these Q bands were not observed in the absence of DFO.
Binding and active uptake of hemin by P. gingivalis
The surface-accumulated hemin is transported into a bacterial cell by a process that requires energy (Slakeski et al., 2000; Lewis, 2010) . To examine the influence of DFO on hemin uptake by P. gingivalis, we used spectrophotometric assay measuring hemin in the culture supernatant. The amount of hemin associated with CCCP-untreated cells decreased by about 30% and 65% in the presence of 0.12 and 0.24 mM DFO, respectively, as compared with Porphyromonas gingivalis W83 with 4-6 9 10 7 cells mL À1 were incubated for the indicated time periods. Results were expressed as mean ± SD. *P < 0.02 and **P < 0.01, vs. control. The effect of DFO against P. gingivalis control (Fig. 2) . DFO also decreased the amount of the cell-associated hemin by 48 (at 0.12 mM) and 77% (at 0.24 mM) for CCCP-treated cells. Energy-driven active uptake of hemin by P. gingivalis, calculated as difference between the amounts of the cell-associated hemin of CCCP-untreated vs. CCCP-treated cells, was reduced by 52% in the presence of 0.24 mM DFO.
The effect of DFO on the sensitivity of P. gingivalis to H 2 O 2
Since the protective effect of l-oxo bisheme against H 2 O 2 in P. gingivalis cells has been described (Smalley et al., 2000) , the antibacterial effect of H 2 O 2 was observed with or without DFO. The bacterial growth was inhibited completely in the presence of 0.8 mM H 2 O 2 regardless of DFO-addition (Fig. 3) . When the bacterial cells were exposed to H 2 O 2 at 0.2 and 0.4 mM, the growth was statistically significantly decreased in the presence of DFO at concentrations of 0.06-0.24 mM as compared to that in the absence of DFO.
The effect of DFO on the efficiency of antibiotics
Metronidazole at 0.5 lg mL À1 inhibited the growth of the bacterium completely regardless of DFO (Fig. 4) . At 0.25 and 0.125 lg mL
À1
, the antibacterial effect of metronidazole was increased significantly in the presence of DFO (0.06-0.24 mM). Supplemental ferric citrate clearly abolished, although not completely, the effect of DFO at concentrations of 0.125 and 0.25 lg mL
. The antibacterial effects of ampicillin and tetracycline were not influenced by DFO (data not shown).
Discussion
It has been found that, for Yersinia and Klebsiella, DFO stimulates the growth and enhances the virulence while for other organisms DFO suppresses the growth and attenuates the course of experimental infection (Boelaert et al., 1993) . In a previous study (Barua et al., 1990) , The concentration of hemin present in the supernatant fraction was calculated from a hemin standard curve. Cell-associated hemin was measured spectrophotometrically as described in Materials and methods. Energy-driven active uptake of hemin was calculated as difference between binding hemin of non-CCCP-treated cells vs. CCCP-treated cells. *P < 0.05; **P < 0.01 and ***P < 0.001 by Student's t-test. Fig. 3 . The effect of DFO on sensitivity of Porphyromonas gingivalis W83 to oxidative stress. Porphyromonas gingivalis cells were grown with H 2 O 2 ranging from 0 to 0.8 mM anaerobically in the presence or absence of DFO at the indicated concentrations. Optical densities were measured after 24-h incubation. *P < 0.05 by Student's t-test. Fig. 4 . The growth of Porphyromonas gingivalis W83 exposed to metronidazole (0-0.5 lg mL À1 ) in the presence or absence of DFO. Supplemental ferric citrate at 0.2 mM is indicated as '+Fe'. *P < 0.05 and **P < 0.02, vs. control (without DFO). † P < 0.05, the growth of Porphyromonas gingivalis with ferric citrate vs. the growth without ferric citrate under the condition of 0.24 mM DFO and 0.25 lg mL 2,2′-dipyridyl, a ferrous iron chelator, which has several toxicological effects, showed greater effectiveness than DFO for suppression of P. gingivalis growth in vitro. In the study, it was proposed that the available iron in the anaerobic conditions is in the ferrous state and DFO binds ferrous iron ineffectively, and hence iron deprivation with DFO may not be effective for P. gingivalis. In the present study, although DFO was not bactericidal, it considerably prolonged the doubling time of P. gingivalis cells and the inhibitory effect was reduced by supplemental iron. This indicates that the iron/hemin-chelating action of DFO plays a very important role in the growth suppression of P. gingivalis under anaerobic conditions. It is interesting to note that the growth inhibition by DFO was more evident with bacterial cells at small inoculum density and with cells at earlier stages of growth. This may indicate that availability of iron/hemin to the cells is important especially during the early stage of the bacterial growth and DFO is associated with inoculum effect, i.e. a significant decrease in antibacterial effect when the number of organisms inoculated is increased (Brook, 1989) . In this respect, the discrepancy between the effect of DFO on the growth of P. gingivalis presented here and that presented by Barua et al. (1990) may be due to different growth stage and inoculum size. Although several antibiotics including b-lactam antibiotics and the first-and second-generation cephalosporins exhibit an in vitro inoculum effect, they are still capable of eradicating infections when administered appropriately (Brook, 1989) . DFO is effective in tissue protection and anti-inflammation (Lauzon et al., 2006; Hanson et al., 2009) . Moreover, DFO has antibacterial activity per se against P. gingivalis and enhances the antibacterial activities of other antibiotic agents against P. gingivalis (Figs 3 and 4) . Hence, although further studies are needed to elucidate the in vivo efficacy of DFO as well as other iron chelators, the in vitro inoculum effect observed with DFO against P. gingivalis may not limit the potential use of iron chelators for the treatment of periodontal disease.
UV-visible spectral analysis has been used in the study of hemin utilization mechanism exerted by P. gingivalis. In vitro incubation of oxyHb with P. gingivalis cells resulted in the formation of l-oxo-bisheme via methemoglobin (metHb) as an intermediate; the k max value of the Soret band shifted to shorter wave length (blue-shift from 413.7 to 393 nm) and the two Q bands located between 540 and 590 nm disappeared (Smalley et al., 2004) . In the present study, the pigment extracted from P. gingivalis W83 grown on blood agar without DFO gave a Soret band with k max value of 393 nm, indicating that the bacterial cells formed l-oxo bisheme within 5 days under the given condition. During the same time period, however, the Soret band of the pigments extracted the bacterial cells grown on blood agar with DFO showed the k max values at 397, 407, and 411 nm and the Q bands positioned at 543 and 582 nm did not disappear (Fig. 1) . It is noteworthy that, after longterm incubation over 10 days, the k max value of the Soret band of the pigments extracted from the bacterial cells grown on blood agar with DFO further blue-shifted to 393 nm and the intensity of the two Q bands almost disappeared (data not shown). These results suggest that the pigments obtained from the bacterial cells grown with DFO for 5 days were probably intermediates such as metHb and DFO significantly, although not completely, suppressed loxo bisheme formation by P. gingivalis. Moreover, in the experiment using broth (without blood), the amount of cell-associated hemin was reduced by DFO regardless of CCCP-treatment (Fig. 3) . It suggests that, independent of RBC, chelation of iron/hemin by DFO limits the iron/ hemin availability, which in turn decreases hemin transport by P. gingivalis. Collectively, our results indicate that the whole process of iron/hemin acquisition in P. gingivalis was disturbed by DFO.
We observed that adhesion, which is an important virulence attribute of P. gingivalis, was reduced and major fimbrial subunit FimA expression in P. gingivalis was decreased by DFO (data not shown). It was not surprising as hemin is central to the virulence of P. ginigivalis (Lewis et al., 1999) and P. gingivalis cells grown under hemin limitation possess few fimbriae per cell, whereas cells grown under hemin excess conditions have more fimbriae (McKee et al., 1986) , and their fimA promoter activity decreases in response to hemin limitation (Xie et al., 1997) . Our observation indicates that DFO may significantly reduce pathogenic potential of P. gingivalis by decreasing the bacterial important virulence features like hemin acquisition and adhesion.
The protective effect of l-oxo bisheme against H 2 O 2 has been described (Smalley et al., 2000) ; P. gingivalis cells with l-oxo bisheme layer were less susceptible to peroxidation by H 2 O 2 and exposure of P. gingivalis to l-oxo bisheme during growth or addition of this heme species to the medium protected the bacterium from H 2 O 2 . The catalytic degradation of H 2 O 2 by l-oxo bisheme was accompanied by a concomitant consumption of some of the l-oxo bisheme in solution and on the cell surface. It should be noted that hemin exists in a mixture of monomeric and l-oxo bisheme (dimeric) forms in neutral pH (Miller et al., 1987; Smalley et al., 1998a, b) , and l-oxo bisheme is more active in destroying H 2 O 2 in the presence of monomeric hemin (Jones et al., 1973) . As the functional hydroxamic acid groups of DFO are coordinated to the iron of hemin in physiological pH (Baysal et al., 1990) , both of the monomeric and dimeric hemins present in the neutral pH medium used in this study may react with DFO, and hence catalytic degradation of H 2 O 2 by l-oxo bisheme may have The effect of DFO against P. gingivalis decreased in the presence of DFO, enhancing the killing effect of H 2 O 2 against P. gingivalis. Among the antimicrobials used for the treatment of periodontitis, metronidazole is particularly suitable due to its limited side effects and its restricted spectrum of activity against obligate anaerobes (Sato et al., 2008) . Metronidazole exerts its effect only when it is partially reduced by reacting with ferredoxin (in reduced form), and because this reduction usually happens only in anaerobic cells, the drug has relatively little effect upon human cells or aerobic bacteria (Lockerby et al., 1984; Narikawa et al., 1991) . In the present study, the antibacterial effect of metronidazole against P. gingivalis W83 was enhanced by DFO while that of the other antibiotics tested was not affected by DFO. It is noteworthy that the expression of pyruvate : ferredoxin oxido-reductase, which has an essential role in the generation of reduced ferredoxin in P. gingivalis, is up-regulated under hemin-limiting conditions (Dashper et al., 2009) . It is conceivable therefore that the increased effect of metronidazole on P. gingivalis in the presence of DFO may be due to the enhancement of the reaction between metronidazole and the reduced ferredoxin as a result of iron/hemin deprivation by DFO. Synergy between iron-chelators and antibiotics such as gentamicin, chloramphenicol and cephalosporin class has been observed in several siderophore-producing bacteria (van Asbeck et al., 1983a, b; Hartzen et al., 1991 Hartzen et al., , 1994 . It was proposed that when protein synthesis or cell wall synthesis is decreased by antimicrobial agents, the production or transport of siderophores through the cell wall is affected and the microorganisms becomes more sensitive to iron deprivation (van Asbeck et al., 1983a) . In P. gingivalis which lacks siderophore, a disturbance in protein and cell wall synthesis by antibiotics such as tetracycline and ampicillin may not aggravate the situation of DFO-induced iron/hemin limitation unlike in siderophore-producing bacteria. In periodontal pockets, microorganisms are organized in biofilms and it is known that subgingival bacteria in biofilms are more resistant to antimicrobial treatment (Darveau et al., 1997) . In comparison with systemic use, local delivery devices are advantageous because of the ability of releasing antimicrobial agents in concentrations high enough to affect pathogens, even in subgingival biofilms (Sato et al., 2008) . Due to the synergistic effect, combination therapy at the local site with metronidazole and DFO should offer advantage over monotherapy in terms of controlling the subgingival biofilm.
Collectively, DFO is effective in reducing pathogenic potential of P. gingivalis and the bacterial growth during early stage, and increasing susceptibility of the bacterium to other antimicrobial agents such as H 2 O 2 and metronidazole. Moreover, DFO enhances PMN function (van Asbeck et al., 1984) and is effective in tissue protection and anti-inflammation (Lauzon et al., 2006; Hanson et al., 2009) . Therefore, use of the iron chelator for controlling bacterial infection and preventing tissue damage seems a fascinating strategy in the prevention and treatment of periodontal disease. However, toxicity of DFO as a result of long-term and high-dose regimens (Bentur et al., 1991) and the risk of several complications in noniron-overloaded patients systemically receiving iron-chelating agents including DFO (Weinberg, 1990 ) have been described. This negative attribute of DFO may limit its utility as a systemic agent for periodontal disease, but its clinical usefulness as a local agent for the disease would not be limited. DFO for future use requires careful studies on both efficacy and toxic effects. It also remains to be studied if DFO has a growth stimulating effect on other possibly pathogenic bacteria of the microbiota of the mouth.
